This review explores the potential adverse impact of the increasing phosphorus content in the American diet on renal, cardiovascular, and bone health of the general population. Increasingly, studies show that phosphorus intakes in excess of the nutrient needs of a healthy population may significantly disrupt the hormonal regulation of phosphate, calcium, and vitamin D, which contributes to disordered mineral metabolism, vascular calcification, impaired kidney function, and bone loss. Moreover, large epidemiologic studies suggest that mild elevations of serum phosphate within the normal range are associated with cardiovascular disease (CVD) risk in healthy populations without evidence of kidney disease. However, few studies linked high dietary phosphorus intake to mild changes in serum phosphate because of the nature of the study design and inaccuracies in the nutrient composition databases. Although phosphorus is an essential nutrient, in excess it could be linked to tissue damage by a variety of mechanisms involved in the endocrine regulation of extracellular phosphate, specifically the secretion and action of fibroblast growth factor 23 and parathyroid hormone. Disordered regulation of these hormones by high dietary phosphorus may be key factors contributing to renal failure, CVD, and osteoporosis. Although systematically underestimated in national surveys, phosphorus intake seemingly continues to increase as a result of the growing consumption of highly processed foods, especially restaurant meals, fast foods, and convenience foods. The increased cumulative use of ingredients containing phosphorus in food processing merits further study given what is now being shown about the potential toxicity of phosphorus intake when it exceeds nutrient needs.
INTRODUCTION
Public health concern for excess phosphorus intake beyond nutrient requirements stems from the growing epidemiologic evidence showing a significant association between serum phosphate and cardiovascular disease (CVD) 4 risk (1) (2) (3) (4) and from the potential contribution of high dietary phosphorus to the development of osteoporosis even in healthy adults (5) . The phosphorus content of the American diet is increasing as a result of the growing consumption of foods processed with phosphate additives (5, 6) . Regrettably, there is little direct evidence to show this increase in phosphorus intake in the general population, even though we consume more processed foods now than in the past because of their widespread use and highly desirable functions in the processing of a large variety of foods. Despite our changes in food preferences for processed and fast foods, nationally representative surveys (NHANES) show little change in estimated phosphorus intake over the decades for any age or sex group. Earlier attempts to challenge the indirect estimates of phosphorus intake used in these surveys by comparison with direct chemical analyses showed gross underestimation of phosphorus intake (.20%) when software relying on nutrient content databases was used (7) (8) (9) . High phosphorus intakes raised little public health concern until recently when the high serum phosphate concentrations in chronic kidney disease (CKD) patients were shown to be significantly linked to CVD and increased mortality (10) (11) (12) . Both animal and clinical studies showed several compensatory hormonal changes after dietary phosphorus loading (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . These phosphate-regulating hormones include bonederived fibroblast growth factor 23 (FGF-23) and parathyroid hormone (PTH), both of which influence the renal production and circulating concentrations of the active metabolite of vitamin D, 1,25-dihydroxyvitamin D (1,25D), which in turn affects bone metabolism, intestinal absorption of calcium and phosphorus, and factors influencing cardiorenal function such as hypertension and vascular calcification (24) . FGF-23, PTH, and 1,25D have all been shown to independently influence arterial calcification, hypertension, bone metabolism, and left ventricular function (24) (25) (26) (27) , even when serum phosphate is within the normal range in healthy subjects. These findings confound our understanding of the role of dietary phosphorus in chronic bone and heart disease.
This review focuses on our current understanding of the regulation of phosphate homeostasis and how the changing inorganic phosphorus content of the foods we consume influences this hormonal regulation and affects the risk of hypertension, CVD, bone fragility, and renal disease. In this review, we evaluate the current evidence in healthy adults that supports this concept of potential nutrient toxicity of phosphorus, review the possible mechanisms by which excess dietary phosphorus influences adverse cardiovascular outcome and bone loss, review the sources of phosphorus in the current food supply and preferred foods, describe food-processing practices that influence the dietary phosphorus burden, and identify environmental factors that influence serum phosphate concentrations in normal subjects.
Information on average intake, Estimated Average Requirements (EARs), Recommended Dietary Allowances, and Tolerable Upper Intake Levels (ULs) of phosphorus with age-and sex-specific values is shown in Table 1 .
MARKERS OF DIETARY PHOSPHORUS EXCESS AND ADVERSE CLINICAL OUTCOME IN HEALTHY ADULTS: CAUSE OR ASSOCIATION?
Proposed mechanisms of high dietary phosphorus in adverse outcomes
In both animal models and clinical studies, a diet high in phosphorus can induce secondary hyperparathyroidism and bone loss (13, 14) and FGF-23 release from bone (30) . Both PTH and FGF-23 are thought to have a pathogenic cardiovascular effect with increased metastatic calcification (31) . These changes in PTH and FGF-23 can occur with high dietary phosphorus consumption over weeks, but without measurable change in serum phosphate concentrations in normal adults and in animal studies (32) . Due to the presence of a pronounced circadian rhythm, serum phosphate concentrations correct back to the previous morning's fasting concentrations, even with high dietary burdens of phosphorus (17, 18) . Unless a circadian design using multiple blood sampling over at least 8 h is used, serum phosphate concentrations cannot be relied on to accurately reflect whether the dietary burden is high or low (17, 32) . The confounding effect of the circadian variation and the return to morning fasting concentrations complicates the interpretation of cross-sectional epidemiologic data examining the link between dietary phosphorus intake and serum phosphate and disease outcomes.
Dietary phosphorus intake or oral phosphate loading stimulated increases in PTH and FGF-23 in human studies (17, (19) (20) (21) (22) (23) . PTH changes rapidly in response to an elevation in serum phosphate and a decrease in serum ionized calcium with chronic high dietary phosphorus intake (16, 17) . Vervloet et al (22) showed that an increased dietary phosphorus intake from 800 to 2880 mg/d was accompanied by a significant increase in FGF-23. Ito et al (33) showed a failure of FGF-23 concentrations to increase when serum phosphate concentrations were elevated directly by intravenous infusion, suggesting that dietary phosphorus regulates FGF-23 production and secretion through some unknown intestinal receptors communicating to bone.
Elevated tissue phosphate concentrations have been shown to increase oxidative stress in endothelial cells (34) , and acute hyperphosphatemia induces acute impairment in endothelial function as assessed by decreased flow-mediated vasodilatation in healthy subjects (34) . Elevated serum phosphate has an inhibitory effect on the renal activation of 25-hydroxyvitamin D to the active metabolite 1,25D, and lower concentrations of 1,25D have been associated with adverse cardiovascular outcome (31) . Direct effects of elevated phosphate on the cellular and matrix components of the vascular smooth muscle cells that promote calcification have also been postulated (35) . Specifically, elevated phosphate has been implicated as a key factor in the transdifferentiation of contractile vascular smooth muscle cells to a bone-forming phenotype, a process termed osteochondrogenic differentiation (35) . The roles that PTH and FGF-23 play in this transition of vascular smooth muscle cells to bone-forming cells are yet unclear.
Evidence in animal models showing that excess dietary phosphorus causes bone loss, loss of renal function, and cardiovascular calcification High phosphorus consumption has been shown to reduce bone mass in a number of species including mice, rats, cats, rabbits, dogs, horses, and baboons (7, 14) , and hyperparathyroidism has been established as the mechanism through which excess phosphorus consumption reduces bone mass in growing dogs (7) and rabbits (13) . Experimental dietary phosphorus-loading studies in rodents were critical to establishing the classical endocrine feedback regulation of FGF-23 secretion from osteocytes (36, 37) and in showing how FGF-23 inhibits renal synthesis of 1,25D from 25-hydroxyvitamin D (38, 39) . Through chronic phosphorus loading in rats, Ben-Dov et al (40) found that elevated FGF-23 inhibits PTH secretion and that dietary phosphorus restriction exerts the opposite effect, decreasing FGF-23, increasing renal phosphate reabsorption, and increasing renal synthesis of 1,25D. Most recently, apolipoprotein E knockout mice fed atherogenic diets with varying phosphorus content, showed significant increases in serum phosphate and FGF-23, with significantly more atheroma developed at the aortic sinus in the high-compared with low-phosphorus-fed mice (41) .
Another recent study was able to show simultaneous bone loss and arterial calcification with long-term high phosphorus feeding in a rat model for CKD (42) . Rats (7/8 nephrectomized) fed a high-phosphorus diet showed histologic evidence of vascular calcification (positive Von Kossa staining) and low distal and proximal tibia bone density after 20 wk of consuming a highphosphorus diet. By using microarray analyses of aortic tissue for both muscle-related and bone-related genes, Román-García et al (42) observed that the rats showing the greatest histologic evidence of vascular calcification presented the strongest signal log ratio for the bone-related genes. This is compelling preclinical evidence for high-phosphorus, diet-induced osteochondrogenic change or transition of the vascular smooth muscle cells to bonelike cells that calcify while simultaneously losing mineral from bone. These findings of switches of genome expression in animal models have major significance for human subjects.
Clinical evidence in subjects with normal renal function
In Table 2 we describe 14 published studies that showed an effect of dietary phosphorus or phosphate loading on markers of bone and/or CVD in healthy subjects (15) (16) (17) (18) (19) (20) (21) (22) (23) (43) (44) (45) (46) . The only caveat is that, except for 3 studies (15) (16) (17) , all of them used phosphate supplements added to a control diet or meal rather than using the actual phosphorus content of commercially available foods to modulate oral phosphorus intake. These 3 studies (15-17) used processed (high-phosphorus) compared with unprocessed foods (low-phosphorus), which is consistent with the foods available in the market place, and 2 of these studies used processed foods purchased from local groceries (16, 17) .
Two studies in Table 2 did not show a negative effect of dietary phosphorus intake on CVD variables. In one study, high dietary phosphorus at baseline was associated with lower systolic blood pressure and on follow-up with less incidence of hypertension (43) . However, secondary analyses of this study showed that only higher phosphorus intake from dairy products, not from other dietary sources, presumably more processed, was consistently associated with lower systolic blood pressure and lower risk of hypertension. This finding could be indicative of an effect of phosphorus in conjunction with other dietary constituents or of dairy itself, even without the involvement of phosphorus. In fact, there is a body of literature suggesting that higher consumption of dairy products is associated with lower risk of hypertension (47) .
A second negative study included in Table 2 looked specifically at the relation between dietary and serum phosphorus in participants from NHANES III (48) . The authors found that serum phosphate was correlated with dietary phosphorus, but only weakly. In these subjects, the average difference between fasting and postconsumption serum phosphate, which must have resulted from dietary phosphorus intake, was w0.1 mg/dL. Although this difference in mean serum phosphate concentrations is relatively small, several prior studies have reported an elevated risk of adverse renal and cardiovascular outcomes in association with comparably small increases in serum phosphate (1) . It should be emphasized that the nutrient composition tables that are available to estimate survey participants or CKD patients' phosphorus intake, including those in NHANES III and subsequent survey waves, do not accurately include the phosphorus contributed from the growing use of additives in processing, which results in a significant underestimation of total dietary phosphorus intake (5).
The above-mentioned point was further addressed in another study with the same population (NHANES III) in which the authors found a clear association between an index of poverty and serum phosphate (46) . Participants in the lowest income had the highest serum phosphate concentrations and the highest prevalence of hyperphosphatemia despite having the lowest estimated daily phosphorus intake (46) . Low socioeconomic status was also related to higher intake of meat products (particularly highly processed items such as hot dogs, bacon, and sausage), in which one would suspect a higher contribution by phosphorus additives not accounted for in the nutritional databases (46) .
In addition, other publications describing an association between serum phosphate and cardiovascular outcome in healthy subjects would strengthen our conclusions from Table 2 , but we have chosen not to include them because we cannot show with certainty that fasting serum phosphate concentrations reflect purely dietary phosphorus intake (1-4, 49-54).
SOURCES OF PHOSPHORUS IN THE AMERICAN FOOD SUPPLY
As mentioned above, dietary phosphorus can induce small elevations in serum phosphate that may be masked by its circadian rhythm. If sustained over time, such increases can have physiologic consequences including loss of bone mineral density and initiation of vascular calcification. Consideration needs to be given to the increasing phosphorus content of the US diet and to the increased intake of inorganic phosphate salts in processed foods used in restaurants and by fast-food providers that influence these increases in serum phosphate within the normal physiologic range.
Phosphorus intake in relation to phosphorus allowance
Clear guidance as to the needed amount of total phosphorus required by both sexes across all ages was established by the Institute of Medicine in 1997 (29) . With the exception of men and women in their bone-forming years, daily phosphorus intake requirements (EAR) are well under 1000 mg/d ( Table 1) . As shown in Figure 1 , usual median phosphorus intake data from NHANES [2005] [2006] indicate that 50% of the US population consumes .1000 mg/d, far exceeding the requirements (28) . The EAR comparison to usual nutrient intakes at the 50th percentile (median) of intake is traditionally used to evaluate the adequacy of the dietary intake of a nutrient in a population. Phosphorus intakes measured in the NHANES surveys over the past 3 decades are generally in excess of the requirements for all ages, except for rapidly growing young adults. 
Estimation of phosphorus intake
Whereas total phosphorus intakes from the nationally representative surveys show general excess, these estimates are thought to be underestimated, particularly in individuals consuming more restaurant, fast, and highly processed convenience foods. Phosphorus-containing food ingredients are used extensively in the current processing of food, but their contribution to total phosphorus intake is not usually captured in full in the nutrient intake estimates from national food consumption surveys.
Several key sources of evidence support this underestimation of phosphorus intake. First, a study conducted in the late 1980s compared accuracy of calculated estimates of dietary phosphorus and calcium by using popular software with direct chemical analyses (8) . Duplicate meals consumed by 20 volunteers over a 24-h period (including restaurant and fast-food meals) were weighed and homogenized for direct chemical analysis. Phosphorus content was underestimated by .20%, whereas estimated calcium content was in good agreement with the direct chemical analyses. The USDA Nutrient Content Database (Standard reference, release 24: SR24; http://www.ars.usda.gov/ba/bhnrc/ ndl), which serves as the basis for much of the software in use today, does not accurately reflect the use of inorganic or some organic phosphorus ingredients due in part to the constantly changing formulas and introduction of new convenience and fast foods. For these reasons, it is extremely difficult to establish accurate representative phosphorus-content values for use in the Nutrient Database updates. Even the use of brand-name foods does not completely address this problem, because some national brands use phosphate additives in some of their products but not in all of them.
Examples of discrepancies between food composition analyses and chemical analyses
Evidence supporting the inaccuracy of food composition tables exists for several food categories, including chicken products and meats (9) . From label information and direct chemical analyses of 38 chicken products from local Midwestern grocery stores, the number of phosphorus-containing ingredients and the difference between estimated and direct chemical analyses were determined. Only 3 of the 38 products did not contain phosphate additives and the remaining 35 contained one or more phosphate additives. The additional phosphorus presumably contributed by the use of inorganic phosphate additives ranged from 12 to 165 mg/100 g. Another group conducted 2 similar studies. In one study (55), they measured the phosphorus content of 44 food products, including 30 refrigerated or frozen precooked meat, poultry, and fish items, generally national brands, and found that the ratio of phosphorus to protein content in these items ranged from 6.1 to 21.5 mg phosphorus/g protein. The mean phosphorus-to-protein ratio in the 19 food products with a label listing phosphorus as an ingredient was 14.6 mg/g compared with 9.0 mg/g in the 11 items without phosphorus-containing ingredients. In a second study, they studied enhanced meats and observed that enhanced meat and poultry products had on average phosphorus:protein ratio that was 28.4% higher than that for "natural" products without enhanced phosphate salts (56) . Further indirect evidence that current and past dietary databases underestimate dietary phosphorus intake is provided by other studies in which similar foods obtained in the market place and differing only by the presence or absence of phosphate additives showed significantly higher phosphorus content when chemically analyzed (16, 17) . These examples support the inaccuracy of the current nutrient databases to estimate dietary phosphorus intake.
Potentially high unsafe intakes of phosphorus
To determine how close current extremes of phosphorus intake are to the actual UL for phosphorus (4000 g/d) set by the Institute of Medicine (29), we used existing NHANES data to estimate potential increases from use in processed food. In Figure 2 , A and B, we applied a conservative underestimation of a 30% contribution from additive use to the 95th percentile intake of phosphorus for men and women in the 2005-2006 NHANES. As shown in Figure 2B , the important point is that phosphorus intake in men with the highest percentile of intake approaches the UL of 4000 mg/d if the contribution of phosphorus from hidden additives is taken into account.
Why then are some individuals in the United States consuming dietary phosphorus at amounts that approach the UL? We believe that the main factor involves the extensive use of phosphoruscontaining additives in food processing. We use the term "extensive use" because of the large number of phosphate ingredients with GRAS status and the large number of approved functional applications in food processing. Forty-eight commonly used phosphate ingredients out of 370 total different ingredients that were evaluated by the Select Committee on GRAS substances are presented in Table 3 . The committee rendered both an opinion (report number) and a conclusion (score) about the safety of the GRAS ingredients (57) . GRAS is an acronym for the phrase "Generally Recognized as Safe," a title that means that the substances are not subject to premarket review because they have been shown to be safe under conditions of their intended use by qualified experts from outside the US Food and Drug Administration. As shown in Table 3 , the majority of the phosphate GRAS ingredients were given type 1 conclusions, a safety score defined as "no evidence in the available information on [substance] that demonstrates, or suggests reasonable grounds to suspect a hazard to the public when they are used at levels that are now current or might reasonably be expected in the future" (57) .
Mostly inorganic phosphate salts are shown in Table 3 , 17 of which also contain sodium; thus, phosphate additives are also significant sources of sodium because of their extensive use in food processing. The 3 organic phosphate ingredients with significant use shown in Table 3 include acetylated distarch phosphate, hydroxypropyl distarch phosphate, and monostarch phosphate. Modified starches do not always contain phosphate, and it is difficult to tell from the ingredients list if they are contributing phosphate. Modified starches have several functions and are critical to processing frozen foods. All of the phosphate ingredients in Table 3 have multiple functions that significantly improve the quality, taste, and texture of a variety of different food categories.
Another significant contributor to high phosphorus intake is the growing trend to eat out at either restaurants or fast-food establishments. A study from the Economic Research Service (58) reported that Americans are consuming a greater share of their total daily caloric intake from "food purchased and/or eaten away from home." They reported an increase of 32% in awayfrom-home eating since the late 1970s and increased growth in the away-from-home market, which accounted for 50% of the total food expenditures in 2004; the highest frequency of eating out occurs for fast food in both children and adults. Fast foods and restaurant foods are processed and high in phosphate-containing ingredients, as are convenience foods, on which working families and single adults are increasingly becoming reliant because of lack of time for food preparation from scratch.
An important fact to consider is that the availability of unprocessed fresh foods may be limited for ethnic and racial minorities and for low-income populations with a high prevalence of type 2 diabetes. The availability of unprocessed fresh foods is relevant to the estimated 40% of diabetic patients who will progress to renal failure and ultimately to cardiovascular morbidity and mortality. Comparisons of the availability and cost of healthy foods recommended for patients with diabetes were made for a racial/ethnically diverse neighborhood in East Harlem and an adjacent, largely white, affluent Upper East Side neighborhood in New York City (59) . Only 18% of the East Harlem stores stocked healthy foods recommended for patients with diabetes compared with 58% of stores in the Upper East Side.
Another factor to be considered is the distortion in the calcium:phosphorus intake ratio. The median calcium:phosphorus ratio for persons with lower calcium intakes ranged between 0.4 and 0.6 in the 1989-1991 Continuing Surveys of Food Intakes by Individuals conducted by the USDA; however, this finding raised little public health concern at the time (5) . Although phosphorus intake estimates will be underestimated, it is critical to evaluate individual calcium:phosphorus intake ratios to determine the percentage of the population at potential risk of excess phosphorus intake and adverse health outcomes.
Increased dietary phosphorus intake is a larger and more serious problem for patients with impaired kidney function, especially those in the early stages who may not be aware of their impaired renal status (6) . The National Kidney Foundation estimates that 26 million American adults have CKD; this population will have significant problems handling high phosphorus loads.
CONCLUSIONS
Adverse health effects are beginning to emerge in individuals with normal renal function, which questions the safety of the high cumulative use of phosphate ingredients in processed and prepared foods. The increasing evidence of an association between high dietary intake and heart disease calls for a more thorough investigation of this issue.
A barrier to the use of serum phosphate as a barometer of excess dietary phosphorus intake is variation a result of a pronounced circadian rhythm (phosphorus fluctuation of as high as 1.5 mg/dL) and the body's ability to correct the elevated serum phosphate to fasting concentrations with high dietary phosphorus loads. Future studies using serum phosphate as a measure of dietary burden will need to be designed in a way to control these confounders. Accurate estimates of dietary phosphorus intake are essential to assess the contributions of serum phosphate to the development of chronic diseases.
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